Abstract-This paper presents the results of vibration control strategy for high-speed linear robots using an auxiliary piezoelectric actuator. With acceleration reaching 3 g, rapid horizontal slewing motion inevitably excites the structural resonances of the robot and generates vertical vibration forces exceeding the tolerance of the end-effector. Instead of controlling the robot vibration from the main actuators (ac servomotors with limited bandwidth), a piezoelectric actuator is deployed to provide vibration suppression at the load in the direction. This way the robot is treated as a disturbance generator while the piezoactuator is considered as the plant. A digital servocompensator is then designed and implemented to suppress these vibration modes. Typically, attenuation is achieved for the dominant mode with 30 dB and other modes with 15 dB. Suppression of vibration up to seven modes has been implemented satisfactorily.
I. INTRODUCTION
T HE objective of this work is the vibration suppression in the axis for an Adept Technology linear -workcell. As part of the platform development effort for the NIST Advanced Technology Project on Precision Optoelectronics Assembly, the goal is to control the linear robots to achieve 0.1-m horizontal motion accuracy to enable precision alignment of single-mode fibers. Although the horizontal performance specifications have been met with a combination of coarse stage control [4] and the use of a nanopositioner [5] , mechanical flexure induced by high-speed motion in the -plane produces vibrations in the vertical direction ( ) exceeding the specified force tolerance of the end-effector carrying single-mode fibers. Therefore, active vibration suppression for the axis is necessary.
Vibration control of robot and various mechanical structures has been well studied by many researchers. Generally speaking, vibration control can be considered as either a stabilization or a disturbance rejection problem. For the former, various control strategies have been applied to close the loop between the sensors and the primary/secondary actuators so that the underdamped modes are sufficiently stabilized. For example, the work in [6] applied surface bonded piezoelectric actuators and sensors for vibration control; the researchers in [10] considered neural networks based adaptive vibration control; the work in [11] utilized impedance control method of a flexible link using piezoelectric actuators; the work in [12] achieved position and vibration infinity control of a flexible arm with voice-coil actuators; and the researchers of [16] applied multilayered piezoelectric polymer for the control of a flexible element. In terms of disturbance rejection, the authors of [9] applied an adaptive fuzzy sliding-mode controller to a two-level spring-lumped mass dynamic absorber; the work in [13] described a disturbance estimation and compensation scheme to improve pointing accuracy; the work in [17] discussed an adaptive disturbance rejection method with application to a circular acoustic duct; and the authors of [18] considered electrorheological fluid-based variable viscous damper to suppress vibrations of industrial robots.
For high-speed optoelectronics assembly applications, total suppression of vibration is not necessary as the process is focused on the load/end-effector. In this case, point vibration suppression is sufficient and more efficient. Point vibration suppression can be realized by inserting a piezoelectric actuator between the robotic platform and the load so that the vibration suppression can be carried out by the piezoactuator. In this approach, the piezoactuator is considered as the plant while the robotic platform is considered as the disturbance or the vibration generator, which produces a spectrum of harmonics. The amplitude and phase of the disturbance signals are generally unknown but the frequencies are well defined. Therefore, the robust servomechanism method [7] , [8] is introduced to attenuate these disturbance signals. In this method, an internal model of the disturbance is incorporated into the compensator to produce an augmented plant-disturbance system which is then stabilized with an observed-based feedback. This method has the advantages that: 1) a model of the robot is not required; 2) only the knowledge of mode frequencies is required; 3) the closed-loop system is robust; 4) high mode suppression is achieved. Finally, this method can be combined with other algorithms to control the slewing motion of the robot. For example, optimal input shaper designs have been carried out in [4] to produce high-speed motions in the -plane. The organization of the remainder of this paper is as follows. A brief description of the hardware is presented in Section II. Section III presents modeling of the system dynamics. Structure of the servocompensator, its design process, and its response simulation are presented in Section IV. The results of the actual implementation will be presented and discussed in Section V. 
II. HARDWARE DESCRIPTION
The experimental hardware consists of: 1) the robot; 2) the piezoactuator; and 3) the digital signal processing hardware. These components are now described. Fig. 1 is a block diagram of the linear robotic workcell. The unit is a two-axis Adept linear robot with a -axis module and an -axis module. An Adept MV-8 VME controller regulates the motion of the and axes as well as to monitor over-travel. The -axis module is the smaller of the two and is designed to be mounted on top and across the larger -axis module. The design configuration allows the smaller -module to slide linearly along the length of the module to generate the component of the system motion. The sliding module itself carries the loading platform which can slide linearly along the length of the module to generate the component of the system motion. In this manner, the resultant motion experienced by the loading platform is in a Cartesian two-dimensional workspace in theplane. However, due to various mechanical flexure, the -direction vibration can be quite significant, especially during rapid acceleration and deceleration in the or directions. As much as 0.1 g of acceleration is observed along the direction under some of these conditions. Fig. 2 shows the front and top views of the robot workcell. The vibration control hardware consisting of a piezoelectric actuator and an accelerometer are mounted on the load, in the middle of each picture.
A. Robot Hardware
In this work, the entire unit is mounted horizontally on a vibration-proof table top; as such, the system motions are in the horizontal plane of the table top. Each robot module consists of a precision ground ball-screw drive mechanism with a 20-mm pitch. The screw is driven by a 300-W ac servomotor. A 2000-lines-per-revolution encoder with 4 interpolation measures the linear travel of the robot to a 2.5-m resolution. The rated repeatability of the modules is 0.01 mm. High acceleration motion executed by the robotic platform in the horizontal plane invariably causes vibrations in the vertical ( ) direction. As a benchmark test, the robots is excited along both axes with sinusoidal motion of amplitude 1.5 mm and at frequency of about 10 Hz. A band of structural resonant modes of the robotic loading platform are excited and measured by an Endevco 2223D ac- celerometer with a 100-mV/g sensitivity. Fig. 3 shows a typical spectrum of the band of the dominating signal modes within vibrations observed on the loading platform of the robotic workcell. The most dominant of these signal modes is at about 130 Hz with a relative amplitude of dB or, equivalently, 0.032 g. It is this band of signals within the vibrations that is the subject of this research project-to actively neutralize these disturbance signal modes digitally with proper feedback control.
B. The Piezoactuator Hardware
Now since the vibration frequencies are beyond the bandwidth of the ac servomotors, it is therefore necessary to carry out vibration suppression in the direction via an alternative actuator. The vibration control hardware for this project consists of a lead titanate, lead zirconate (PZT) piezoelectric stack actuator, a high-voltage power amplifier, and an Endevco 2223D accelerometer. The PZT actuator and the accelerometer are phys- ically mounted over the surface the robotic loading platform. Total mass of the accelerometer and the PZT stack is about 80 g and does not pose any loading problem for the axis. A block diagram of the vibration control hardware is shown in Fig. 4 . The purpose of this compact vibration control unit is to servo out the vibration force generated by the robot at the load. In this way, the robot workcell is treated as a "disturbance generator" while the piezoactuator is considered as the "plant" for feedback control purposes.
C. Digital Hardware
The digital implementation hardware is a Data Acquisition and Signal Processing Board Model-310B manufactured by Dalanco-Spry Inc. The board, which has a Texas Instruments' TMS320C31 digital signal processor (DSP) running at 50 MFLOPS, is hosted inside an IBM-compatible personal computer. In addition to the DSP, other circuits on the DSP board include two 12-b digital-to-analog converters (DACs), a four-channel multiplexed 14-b 250-kHz (analog-to-digital converter (ADC) and 128 K word dual-ported memory. An anti-spillover filter is added to restrict the signal bandwidth to be less than 5 kHz as the sampling rate of the ADC is set at 10 kHz. The overall system configuration is shown in Fig. 5 .
III. SYSTEM DYNAMICS
The standard approach toward active vibration control on flexible structures consists of two steps: 1) modeling and 2) controller synthesis. The design objectives are usually closed-loop stability and stabilization of the lightly damped modes. However, such an approach requires high actuator bandwidth and high controller order.
In this paper, by considering the robot as a disturbance generator and the vibration control hardware as the "plant," substantial advantages can be achieved: low controller order, unnecessary to model the robot, low bandwidth, and low control effort. The last point is especially important in preserving the robot's primary actuators. A seventh-order transfer function of the vibration control system is derived from its experimentally measured frequency response via a digital spectrum analyzer
The transfer function is plotted in Fig. 6 along with the measured frequency response. It is noted that, at higher frequencies (10 kHz) and beyond, the natural resonances of the piezoactuator begin to set in.
An anti-spillover (anti-aliasing) filter is therefore necessary for the following reasons: 1) to restrict signal bandwidth to below the Nyquist frequency (half sampling rate); 2) to reduce the dimension of the design transfer function; 3) to prevent spillover effects [1] from the piezoactuator's natural elastic modes. Now, since the sampling rate is set at 10 kHz to allow proper resolution between the robot's vibration modes and to prevent the loss of controllability/observability [1] , the accelerometer signal must be significantly cutoff before 5 kHz with low-pass filtering. Furthermore, to avoid excessive phase lag, a secondorder Butterworth filter is chosen. With a 40-dB decade roll off, a filter cut-off frequency is 500 Hz is chosen so that, at 5 kHz, about a factor of 100 attenuation can be achieved. The analog filter is connected to the output of the accelerometer, resulting in a third-order design transfer function model third-order design model are shown together in Fig. 7 . It is observed that both the amplitude and phase responses of are sufficiently close to the experimental data. Characteristics for frequency up to about 500 Hz is well preserved.
IV. DEVELOPMENT OF THE SERVOCOMPENSATOR
Control configuration with the servocompensator is discussed in this section. The servocompensator incorporates an internal model of the exogenous deterministic disturbance signals to produce robust asymptotic disturbance rejection [7] , [8] . Synthesis of the servocompensator-based control entails three steps. First, the disturbance modes are identified and characterized in terms of their location on the axis. This is followed by the synthesis of the servocompensator. Finally, a stabilizing compensator is produced to ensure good transient characteristics.
A. Theoretical Development of the Servocompensator
In this section, the theoretical background and the structure of the servocompensator are described. Consider now the following state-space model: (2) where , , . , , represent the internal state, output, and input vectors respectively. The disturbance vector is assumed to be generated by the following linear process:
It is assumed that , , and ( ) is observable but not necessarily known except for the eigenvalues of which are the equal to , where , 's are the disturbance frequencies. In a sense, (3) is the equivalent model of the robot, which is the "disturbance generator."
Definition: Robust Disturbance Rejection Problem (RDRP) Given the plant (2), disturbance (3), find a controller so that:
1) the closed loop system is asymptotically stable; 2) asymptotic disturbance rejection occurs, i.e., , , , and for all controller initial conditions; 3) the controller is robust, i.e., property 2) above must hold for all plant perturbations with the property that the resultant perturbed closed loop system remains asymptotically stable. In RDRP, a high degree of robustness has been incorporated into the design so that parametric perturbation to the plant does not affect disturbance rejection as long as such perturbation does not destabilize the closed loop system. However, to achieve asymptotic disturbance rejection, the vibration frequencies must be known.
Lemma [7] : There exists a solution to RDRP for the plant system (2) with disturbance (3) if and only if (iff) the following conditions all hold.
1)
.
2) The open-loop system (2) is stabilizable and detectable.
3) The output can be measured. If there exists a solution to the RDRP, there always exists a coordinate transformation and a nonsingular input transformation so that any controller which solves the RDRP has the following structure:
where is the output of a (nonunique) linear, time-invariant stabilizing compensator and is the output of the servocompensator (5) in which is a real matrix whose eigenvalues are the exogenous vibration modes , 's and . . . . . . . . . , is any real block diagonal matrix such that ( ) is completely controllable. In the case of vibration control, so that leading to simplified dynamics given as (6) Combining the plant (2) with the servocompensator (6) gives rise to the following augmented model:
From [7] , if the plant ( ) is stabilizable and detectable, then, the augmented system is also stabilizable and detectable. The stabilizing feedback gain can be designed using standard estimator-based pole placement algorithms. Furthermore, an observer such as (8) can be applied to provide state estimate feedback control. The observer gain can be designed so that possesses desirable spectral characteristics. For digital implementation, deadbeat or near deadbeat responses [1] give rise to fastest estimation with respect to the sampling rate.
B. Design of Digital Servocompensator for Vibration Control
Accuracy requirement and complexity of the control algorithm necessitate the use of high-speed digital processing system. The overall control configuration is shown in Fig. 5 . Two approaches can be taken to obtain the digital control.
1) Determine the continuous time control using (7) then digitize the design at the 10-kHz sampling rate. 2) Convert (2) and (5) into discrete-time models from which the digital control is synthesized. The later approach is chosen as it affords the designer greater flexibility and options (e.g., handling delay and deadbeat response). With a zeroth-order hold D/A and standard impulse-sampling A/D, the plant/servocompensator models are digitized according to the following equations: (9) where represents the sampling period (in seconds). The corresponding plant and controller equations become (10) where represents the sampling point and denotes , etc. The observer is similarly discretized as (11) As an example, consider the design of a digital servocompensator at the dominant mode of the robot's vibration frequency of The corresponding discrete-time servocompensator is computed as (13) Combining the plant and the servocompensator together leads to the following fifth-order discrete-time augmented model, given in (14) , shown at the bottom of the next page. An observer-based LQR method is chosen to determine the stabilizing gains, with the control weighting , tuned for best transient performance. With , , feedback gain is
The closed-loop system poles are given as 0.630 82, , , the observer poles are selected as: 0.02, , , Spectrum of the simulated closed-loop system is given in Fig. 8 . It is observed that the targeted mode (at 130 Hz) is attenuated. Additional vibration modes can be added in a similar manner and the details are omitted. 
V. TEST RESULTS
Test results of the control system designs are presented and discussed in this section. The real-time tests consist of driving the robotic workcell with its integrated MV-8 VME controller while running the digital servocompensator in the TMS320C31 DSP so as to control the vibrations experienced over part of the robotic loading platform covered by the co-located actuator and the accelerometer. The control software configuration is shown in Fig. 9 .
At 10 kHz, the DSP can execute up to 500 floating operations, just sufficient to cover the suppression of seven modes (total controller order is 17) in real time. A 32-b word length is adequate when the matrices are properly balanced and scaled [1] , [3] , [15] . The controller gains are given as compensator places a notch at each of the vibration frequencies, further attenuation beyond 60 dB (1-mV output from the accelerometer or 0.01 g) is difficult due to resolution of the accelerometer as well as the ADC (at 0.6 mV). It is also noted that no spillover effects are present. None of the piezoactuator's resonant modes have been excited.
VI. CONCLUSION
Active vibration control via a digital servocompensator has been presented in this paper. The primary result presented here is that of the point vibration suppression using a piezoelectric actuator, a strategy that allows the vibration to be treated as a disturbance signal and the dynamically simpler piezoelectric actuator to be modeled as the plant. The mode-oriented application is most suitable for the narrow-banded vibration control cases, that is, where a series of harmonics are identified as the problem to suppress. The digital servocompensator incorporates these vibration modes in its internal model and carries out asymptotic disturbance rejection at the load point. A typical result for this case in this project shows between 15-30-dB suppression of robot vibration in the direction. The overall results of this project demonstrate the feasibility of using the servocompensator in vibration suppression applications.
